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By Rossello Rosselll Del Turco

SUMMARY

The present report is concerned with an analytical treat—
ment of the effects of the transverse inclination of an alr-
plane in a turn on the indication of the directlional gyro, It
is found that the extreme inclinationg which the airplane must
necesgsarily assume for a correct turn in the approaches exe—
cuted at high speed and small radius of curvature, renders
the indications of the instrument worthless dyring such ma-
neuvers, )

INTRODUCTION

~

The use of the directional gyro during chenges of
direction is very useful to the pllot, Because it enablees
him to follow the turn step dy step, and to resume after
completing the turn, the new course which he intends to follow,
In fact, tue resigtance of the gyroecopic axis does not permit
the greduated rim with which it 18 integral, to execute any
oscillations during the maneuver, as opposed to what occurs
on the compass where the osclllatione due to the inertia of
the magnetic equipment, as well as the errors imputed 1in
relation to the verticael component of the terrestlal fleld,
.do not afford the pllot a safe reading of the course during
the maneuver or immediately after it, The pllot, however,
can see that the directional gyro is not even in a position
to indlcate the course accurately during the maneuvers, 1if
performed with considerable transverse inclinatlonsg, To
1lluetrerte: on departing from a 45° course he notices that
the dial does not follow the motion of rotation of the air-
plane at the firgt ingtant but anticipates it by left—hend

IWI1l Comportamento del Giroscopio Direzionale Tipo Sperry
in Viratae." Attl dl Guidonla, ¥No, 18, Oect, 10, 1939,
PP.373—~380,
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turns, impedes i1t by right-hand turns, The relative errors

of -this phenomenon -nersist more. or legss during the direc-—
tionel chsnge, bdbut the pllot is not able to verify them direct
ly; end they exceed 1n certain instances the maximum allowed
to the directional gyro in normal setting,

In fact, the rule is that, 15 mlnutes after adjustment
of the lnstrument by means of the appropriate adjusting lever,
the errors due to the rotatlon of the earth, and the precislion
of the gzro 1n the asimuth due to various caulep, should not
exceed 3° to 4°; ingstead ot that the instrument may introduce
errors &é high as 149 to 15° , depending upon the particular
trim of the airplane. :

Oovioualy, even putting aside the normal use of the
directional gyro on an airplane, the previously outlined
phenomena occur in all speciflc cases vwhere the reading of
the instrument during the maneuver of turning, 1e required,

8o, the Instrument Sestlon of the Guidon'a leboratory
made some experiments 1n which the inetrument records
during turning at verious transverse inclinations were
taken into account, and it was found that, at smell in-
clinations, the experiments confirmed the results sntici-
pated, while at great inclinations the discrepancieg were
consideradble,

The behavior of the directionsl gyro in a turn was
closely exaumined and a geometrical method developed
parallel with 16 experiments, which confirmed the theoreti-
cal results,

GEOMETRICAL MTTHOD '

The functionling of the instrument 1is referred to a
system of axes moving with the airplane and ite setting
to a systam of axes fixed in space.

Visuellge (fig, 1) = system of axes x, y, 2, 1integral
with the hypothetical airplane for simplicity, as belng co—
incident .with- the -principal axes of inertia ir such a way
that axis =x coincides with the longltudinal axis, positive
backward, axle y with the transverse axla, positive to the
left, and axis s with the axis of yaw, positive upward,
and a system of axes ¢ { flxed in space, where
is vertically (zenith) upward and ¢ salong a crrdinal
point, such as North, for 1natance; Employing Crocco's
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notation (reference 1) the plane . xg 1is the plane of
.symuetry, plane zy.the frontal plane, and plane ysz the

plane of the wing, The slope of the airplane 1s indicated
by the angle Jp between x and the intersection x,,

of the plene of symuetry with the horizontel center of
gravity mnt, the obliqulty of the rirplane by the angle [,
between £, perpendicular to x,, in the plane of syumetry
and the verticml center of pressure {, the direetion of

the airplane by the angle [, between x; and the horiszontal
axls of reference £, . '

Normally, the dlrecticnal gyro is mounted in such n
way that axls 2z coincides with the axlis along which the sup-—-
porting frame of the spinning dlgk credle is bolted to the
instrument casing, and the axis x with the dlamster of the
dial plate passing through the reference mark fcr the readings
fixed to the box., Moreover, suppose thet the gyroscoplic axis
1s orlented along axls ¢ by means of appropriately manipu—
1-~ted afJustment, This conditlon 1s merintalined during tne
wollon of the airplane as long ae the two axes are fixed in
space, :

Consider, for simplicity (fig. 2), the settings of zero
slope (3,=0), that 1s to say, turns 1in which the longltudi-—
nel axis of the eilrplane is kept on the horizontal plane TNE
and in which obliquity (I'y) and directicen (f{,) depart
from O, Such a setting coinclides with thet of horigzontel
flight, except fcr the Angle between the longlitudinal axis
and the dilrectinn of the relative wind which 1s dlscounted
in the present study, 1In such conditions x ocincides
with X, and z with 2., and the directionsl gy¥yro 1ls con—
gtrained- to indicate the direction fo similar to the
angle between x ~nd f. The actual reading at the dial
418 that of the indicated direction {3 similar to the sngls
between x and the diameter C9to 1300 &f the disl plete
(figs.. 2 2nd &), TFor !, #;1 the srror of indlcation gener—
ally amountes to ¢ = (.- (4.

FUNCTIOR ¢ = F(I'y, t,)

. . It.1s .advantageous to settle one lmportent’ chsracter— =
istic of thls error: nauely, thet ¢ is a functicon of the

diredtion (o, &as well as vf the rbliquity I, . Tor

o = constant, € = [,-{§ = constrnt, end, with t signify-

ing the tice: ) '
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and ‘where

"
alo.

d
dt

W =

is the speed of turn of the sirplans about the vertical’
axis (,

(.U' = .i-gl.
dt

- the rate of rotation (of interest here) of the dial plate
about axis =z 1is

and in particular, if w = constant (uniforz circular .
motion of alircraft):

wg = constant

This 18 not true in reality inssmuch as w, results from
the édecomposition of ®w along axis 7?7 And along another

_axis m (fig. 2) defined by the condition that a rotation
about it would be of zero effect on the directiona) indice—
tion, By reason of the faect that only rotations about the
gyroscopic axis f and sbout azis n to which the cradle
is bolted, (fig. 2) norm=2l to E :and = Dby construction
‘'have zero effect on the directionsl indicatione, axis m
must lie in the plane ¢n =2nd, more precieely, must be the
intersection of the said plane with the frontel plane [g.
Since, during the turn, the frontal plane rotates nbout {
with reepect to the fixed rxes, the intersection m

.of -the two-planes rotates also in the frontal plane, that
is, with respect to the system of moving sxes x, ¥y, 23
hence, 1f the direction of one - of the components of w,

in such a system changes the value of the other component
wy must change also, even if its direction remaine
constant (always in the movable system) (I',= constant),

the constsncy of the resultant must be malntained.
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The next .step 18 to render the funmetion ¢ =F(TI'y, {o)
in explicit form, "It 1s evident that, accordipg to the
foregoing procedure, the decomposltion of w gives a
relation of the type,

wy, = wf(lo o)

or a a
Tt = S 2(To, Lo
o .- b
§i=/ £(T'o o)
but, slnce the error oe =fo—0; 18 reduced to an incon—

venient integration, it 1s advisable to abandon this con-
coept of the decomposition of +@w and to conslder the re—
lation between the angles direct, .

The error 1s gero for serd values of the variadble T,
(z coincident with ) and in such conditione the
directirnal gyro indicates the direction {o: 1f, on
the other hend, the instrument turns from I'c about axis
x (only the settings of zero slope being céneidered),
1ts indication is 51: that ie, its variatlon from the
angle [, — t1 is equal to the error that is to be de—
termined, To find ¢, therefore, it 1le necessary to con-
. sider successively the orlentation of the longitudinal
axis x (to which the readings refer, since 1t passed
through the referenge mark at the box) with respect to the
diameter O to 180 of the dial in ene or the other
setting,.

FPigure 3 shows the eoxact orientation of the axes for
I'o = C in plane xy coincldent with the horizontel plane
ni: n coinclides with 1, othe gyrgscopic axis § coin-
cldes with the dlameter O to 180 of the dial plats,

the axis x coincides with diameter lo to 180° + fo It

~ should be noted that this coincidence hclds only for setting
F'o = 0; actually agis t gnd axis n are fixed, while n.

.end the dlameter -0 -to 180. ' rre integral -with the dIal’
Plate the plane xy of which, for setting To# 0, is not
coincident with the fixed plane Nf, since for settlngs

I'o # 0, x ig not coincident with the dlameter f{o to 180 + fo
because of the error,. The orientation of the axes, in this
instance, will be in the plane =xy of the dial .plate, as
represented in figure 4,
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With p denoting the angle between axis x and the
diameter 90° to 270° of.the -dial- (fMg., 2) and assuuing
"41t's value to be known, there is obtalned

90 - p = giigo-e
. from which follovh

e=p+ b~ 90° . (1)

Angle. p 18 obtalned from the solution of the spheri-—
cal triengle PQR (fig., 5). In the latter g = 90°
.by the constructlion of the freme 1tself, the angle in
Q =T'o, &a straight section of the dihedrsl faclng the
horizontal plans nf and the plane of the dial plate xy,
the normals and g which form between them an arngle ['gi
r =180 —¢,, lnasmuch as the apgle xE-{p, ~8 1s seen from
figure 3 (x and § are fixed nxes snd hence lts reciprocal
orlentation for J'c = 0 1s malntained even 1n the setting

I'o # 0).
By conventlonal trigonometric formula

cos g = ¢o08 p co8 T + 8in p sin r cos §

0 = — cos p gos Lo + 8ln p sln ¢, cos T,

or
1
tan p = - (2)

ten {, cos. g

By equation (1)
l-tan p tan ¢
tan p + ten (o

ten € = cotan (p+lp) =
or by equetlon (2)

ten  §y
tene =
l - - - - - .
e + tan {,.- ce
v ' “tan f, ¢os I .
vhence .
-1 ‘* 1—- coe I’
€ = F(go .1".0) = tan [— 0 ] - (3’
: coten {o+ tan {o cos I'p

which 18 the equation looked for,
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,at any obliquity Pa,.
1ge 0%, "90%,7 186°, '270°, the oeTror is negative at any
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A study of T(go,po reveals that the error 1s sgero
when the direction of the airplane’

obliquity batween o® and 90° when the direction of the
airplane renges between the first and third quadrant; 1t

1g positive when the direction varies betwesen the second and
fourth quadrant.

In a turn executed at constant obliquity, the error
1s maximum for the directlon,, which satisfy the equation

tanlo g-dbos T'o
obtained from aF
» = o
alo

when the value given by equaticn (3) 1g substituted for F,
That is to say, the maximum error, in a turn made with
varying obliquity, shifts from the dlrection Lo= 45°
(which has zero limit of obligquity) to lo0=90° (which has

a maximumn point for I'o=90°).

Flgure 6 shows the curvee of F(lo,T'o) for varlous
values of [I'g. The curves conlncide, at least for smell
and unavoidable differences, with those obtalned experiment-
ally wmanifesting the errors introduced by a Salmoiraghi-—
Sperry directlonal gyro subjscted to rotation about the
vertlcal exis with obligue setting.

On the cther hand, flgure 7 gives the error € with
respect to the indicated direction L3, =8 well es ¢y
This diagrem ia darived from flgure 6.

The diagrams are plotted for_ odliquilty not in excess of
60° for the reason that, when 6¢C are exceeded, the
system of giribal Joints stops and the indtrument ceases to
function regularly,

CONCLUSIONS.

The results obtained from the foregoing geometriecsal
study together with the tests in ‘the lesboratcery afford a
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legitimate appralsal of the pkenomena accompanying the
function of the directional g¥ro in a turn, )

The errors of indication can be. introduced by the
instrument only to the extent that the airplane 1s main-
talned in oblique eetting; the instrument 1s not likely
to furnish accurate indications again after the airplarne,
upon completing the turn, has resumed its normal attitude,
Ae regards the use of the instrumsnt in an airplane, the
problem therefore is reduced to an approximate eppraisal
of the instant when the new gourse 1s reached, To 1llue-
tgete. while navigating with a directional gyro indicating
0°, 1t ies desired to make a B0° zight—hand tura, :
‘while the airplane has a T'yg= 40° obliquity, the turn 1s
completed when the gyro indicates (cf. fig. 6) -42°, 20!
that is to say, 7%, 40', within less then 50 effective
degrees which are obtained, The alrplane is not likely
te resume normal attitude at the end of the turn when the
directional gyro indicates exactly 50°, Thue, 1f the
-pilot wents to make sllowance for these phenomena in arder
.toc effect & turn with a prescribed angle without having to
make succeeslve tentative epproximatirne he should take
from flgure 6 the error (f= -7 401), which ie appropriate
for such an angle ({,=50" 1n the nodel problem) and stop
the turn at o valwe of the indipation 31 =¢. + ¢ or,in
above example, at

L4 = 50°—7%0' = 42°20!

However, as such & correctlion of the cnurse is inevitable
even by imperfect maneuvers on the part of the pilot, the
inconvenlience will have no significant practical importance,

The permlasible arrors in the directional gyro are
of the order of magnitude of 3° to 4°, This 18 generelly
accepted, even in respect to the phenomena of precession
in the aximuth due to secondary causes, Now, errors of
such order of magnitude unay be introduced by the instrument
even as a result of the airnlane obliquity above 35° to 30°
It is at obliquity above 25° to 30° therefore, that the
indicatinns of the instruament, during the maneuver, nust be
corracted by the factors developed in the preeent etudy.

- L

k-]

Translation by J. Vanlier,
Natlinnal Advigory Comnmittese
for Aeronautics..
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